Real-time tumor tracking in external radiotherapy can be achieved by diagnostic (kV) X-ray imaging with a dynamic flat-panel detector (FPD). The purpose of this study was to address image lag in target tracking and its influence on the accuracy of tumor tracking. Fluoroscopic images were obtained using a direct type of dynamic FPD. Image lag properties were measured without test devices according to IEC 62220-1. Modulation transfer function (MTF) and profile curves were measured on the edges of a moving tungsten plate at movement rate of 10 and 20 mm/s, covering lung tumor movement of normal breathing. A lung tumor and metal sphere with blurred edge due to image lag was simulated using the results and then superimposed on breathing chest radiographs of a patient. The moving target with and without image lag was traced using a template-matching technique. In the results, the image lag for the first frame after X-ray cutoff was 2.0% and decreased to less than 0.1% in the fifth frame. In the measurement of profile curves on the edges of static and moving tungsten material plates, the effect of image lag was seen as blurred edges of the plate. The blurred edges of a moving target were indicated as reduction of MTF. However, the target could be traced within an error of ± 5 mm. The results indicated that there was no effect of image lag on target tracking in usual breathing speed in a radiotherapy situation.
INTRODUCTION
Real-time tumor tracking in external radiotherapy can be achieved by diagnostic (kV) X-ray imaging with a dynamic flat-panel detector (FPD). [1] [2] [3] These FPD systems are expected to solve the problems of low image contrast and quality seen in megavoltage imaging. However, there are still a number of factors that reduce the accuracy of target tracking in external radiation therapy. In terms of image quality, image lag, ghosting, image noise, contrast, and resolution are thought to effect on the accuracy of tracking. Image lag and ghosting which may induce blurring on the contours of a moving target, especially need a lot of attention. Lag is the carryover of image charge generated by previous X-ray exposures into subsequent image frames. Ghosting is the change of X-ray sensitivity, or gain, of the detector as a result of previous radiation exposure. Lag and ghosting in aSe FPDs are determined by the properties of both the a-Se layer and the active matrix. 4, 5) Previous studies indicated that primary a-Se FPDs showed a lag in the first frame after Xray exposure of less than 5%. [6] [7] [8] [9] Modifications in the technology of the a-Se detectors appear to have resulted in marked decreases in both lag and ghosting effects in more recent systems. [10] [11] [12] Recently, several methods for measuring temporal modulation transfer function (MTF) and detective quantum efficiency (DQE) have been proposed and the properties of FPDs used in dynamic imaging have been reported. [13] [14] [15] However, there have been no studies regarding image qualities affect motion tracking by dynamic imaging with FPDs. In external radiotherapy, there is concern regarding the relationship between image quality and total patient dose during real-time tumor tracking, because it is necessary to optimize imaging parameters in each patient to keep patient dose as low as possible while maintaining tracking accuracy. Here, we investigated image lag and MTF during target tracking in external radiotherapy. The purpose of this study was to address its influence on the accuracy of tumor tracking.
MATERIALS AND METHODS

Imaging devices and geometry
Dynamic images were obtained using a dynamic FPD system (SONIALVISION SafireII; Shimadzu, Kyoto, Japan). The system was developed for real-time target tracking in three dimensions for external radiotherapy and it was limited to 1.0 m in the source-to-image distance (SID) (Fig. 1) . The FPD was a direct type consisting of an a-Se/TFT imaging array and the maximum imaging rate was 30 frames per second (fps). In this study, one of the FPDs was examined. The experiments were performed according to IEC 62220-1 standard.
16) The matrix size was 1024 × 1024 pixels, the pixel size was 248 × 248 μm, field of view was 25.4 × 25.4 cm, and the grayscale range of the images was 16 bits, which was proportional to the incident exposure in the FPD.
Lag measurement
Lag measurement experiments were performed at a standard X-ray spectrum without grid (IEC RQA5; 70 kV, 23 mA, 4 ms, 3.2 mR). After irradiation more than 10 times, the Xray was cutoff and images continued to be read out and stored. IEC 62220-1-3 standard shows two requirements in the number of stored images; one is a power of 2 and the other is stable mean pixel value in the obtained images, and recommends acquisition of 64 images. 17) However, in the present study, 32 images were stored due to system limitations. Note that the image sets were confirmed to fulfill the requirements, i.e., stability of mean pixel values. The region of interest (ROI) measuring 256 × 256 pixels was located manually on the detector center and average pixel value was measured using Image-J ver. 1.42 (http://rsb.info.nih.gov/ij/) (Fig. 2) . Image lag can be defined as the carryover of trapped charge generated by X-ray exposure into subsequent image frames acquired with no X-ray exposure, and that in the nth frame (L n ) can be calculated as follows: 4) Fig. 1. Geometry of the FPD system evaluated in this study. Added filter and a tungsten plate were set in contact with the X-ray tube and the detector surface, respectively. Source-to-image distance was limited to 1.0 m in the system which was evaluated in this study. 
where S n and S 0 are the average pixel values measured in ROI in frame number n and the 0 th frame acquired immediately following X-irradiation and cutoff, respectively. The term B is the pixel value measured in the background image, which was obtained without any radiation. Three sets of images were evaluated and the average L n value was calculated in each nth frame from X-ray cutoff.
MTF measurement
A tungsten plate with a precision edge (thickness, 1 mm; size, 10 × 10 cm; IEC standard) was mounted onto a motor control device, which provided a constant velocity. The plate was positioned in such a way that the edge was slightly (~2°) tilted with respect to the axis of the image matrix.
16) The plate was moved into the detector in contact with the detector surface. Figure 3 shows imaging chart and images of a tungsten plate. The movement rate was 10 and 20 mm/s, covering lung tumor movement of normal breathing. Imaging was performed under conditions of target tracking in external radiotherapy in our center (15 fps, 70 kV, 23 mA, 4 ms). Images of the static plate were also obtained for comparison between the results in dynamic and static states. In the present study, the edge in the direction of movement was referred to as the "edges covering the detector," and those in the opposite side were referred to as the "edges uncovering the detector." Profile curves of average pixel values in 50 rows were obtained in both edges covering and uncovering the detector, to evaluate image blurring visually and quantitatively. Subsequently, ROIs of 256 × 256 pixels were located on the edges covering and uncovering the detector. The frame with the edge closest to the detector center was used to calculate the MTF. For determination of MTF, the method given in the IEC standard was used.
16) The standard process of derivation of the edge spread function (ESF) to obtain the line spread function (LSF) and subsequent fast Fourier transform to obtain the presampled MTF was applied. The measurement was performed by using the analysis tool kit, which was provided in the digital radiography seminar held by image research group of Japanese society of radiological technology.
Creation of simulated images (i) Creation of a target
A digitally generated lung nodule and metal sphere were used as a target in this study. The phantom of the lung nodule was created based on Gaussian distribution as follows:
where x is the distance from the center of the Gaussian distribution, μ is the mean displacement and σ is the standard deviation. In this study, X and σ were 120 and 25 pixels, respectively, to create a round target of 1 cm in diameter at 75% value width, and μ was determined by multiplying the process number of frames and a movement rate in units of pixels/frame. The target inserted onto a chest radiographs was observed as a round tumor of about 1 cm in diameter.
The targets moving at rates of 10 mm/s and 20 mm/s were displaced by 2.7 and 5.4 pixels/frame, respectively. The target in the nth frame T(n) is described as: (3) where P is the pixel value at the center of the target, which was determined based on the pixel value of soft tissues around the insert position. In addition, to investigate an influence of the target shape on the accuracy of target tracking, the digital phantom of metal sphere was created as a circle with a well-defined edge, high pixel value, and 3 mm in diameter.
(ii) Simulation of image lag A moving target in the nth frame T lag (n) was simulated using the results of lag measurement as follows: (4) where k is the frame number going back from the n th frame of interest, and L k is the image lag (%) calculated by Eq. (1)
The images of the lung nodule and metal sphere were digitally added into chest images of a patient during respiration obtained with the FPD system, as shown in Figs. 5a and 5b, respectively. Approval for the study was obtained from our institutional review board, and the subjects gave written informed consent prior to participation. The path of the target was determined based on the distinguishable shadows of pulmonary vessels around the position where the digital lung nodule and metal sphere were inserted in the image. Figure  6 shows the trajectory of the shadows of pulmonary vessels in the lower right lung, which was measured manually by one medical physicist (R.T.) with clinical experience in diagnostic imaging. The measurements were performed three times and the average was adopted as the benchmark in the evaluation of the accuracy in target tracking. The movement speed was simulated in two patterns, 10 mm/s and 20 mm/s, covering the range of lung tumor movement in normal breathing.
Trace of a moving target
The targets in the simulation images were tracked by a template-matching technique.
18) The targets without background image were also evaluated to investigate influence of the background images. The summation of differences in pixel value (R) between the search area in the next frame, S (x + dx, y + dy), and template in the current frame, T (x, y), was expressed as follows: (5) (0 < x < M, 0 < y < N, -10 < dx < 10, -10 < dy < 10) M and N are the size of the template, and dx and dy are the search range. The smallest R value was obtained when there were more similarities in the search area and template. The amount of shift (dx, dy) in the search area was determined by minimizing R, and the coordinates after movement were expressed as (x + dx, y + dy). In this study, the initial template was defined as the region around which the target was inserted in the first frame. From the second frame onwards, the matching region of interest in the previous frame was used as the new template.
In tracing the tumor target, the size of the template used was 100 × 100 with a search range of ± 10 pixels, resulting in a search area of 120 × 120 pixels. This was determined based on the movement rate of the target and a constant value during tracking. While, in trace of a metal sphere target, the size of template was 50 × 50 pixels, which was the size enough to cover the target. The targets moving at rates of 10 mm/s and 20 mm/s were displaced by 2.7 pixels/frame and 5.4 pixels/frame, respectively. The displacements were sufficiently covered by a search range of ± 10 pixels.
Data analysis
Four image sets with a moving target were assessed in the present study at 10 mm/s or 20 mm/s with and without image lag in each target, the lung tumor and metal sphere. The targets were tracked automatically and compared with the benchmark, the results of manual tracking. Tracking errors were calculated as differences between "the results of automatic tracking" and "the benchmark" to evaluate the influence of blurring due to image lag on the accuracy of target tracking. Figure 7a shows the average pixel values measured in the ROIs. The average pixel values were reduced immediately after X-ray cutoff and reached the minimum value in the fifth (n = 5) frame after X-ray cutoff. Subsequently, they increased slightly and achieved a stable state at the end of the image sequence. Figure 7b shows image lag (L n ) for frame n = 0 through n = 9. The image lag for the first (n = 1), second (n = 2), third (n = 3), and fourth (n = 4) frames after X-ray cutoff were 2.0%, 0.85%, 0.37%, and 0.10%, respectively, and dropped to less than 0.10% in the fifth (n = 5) frame after X-ray cutoff. Figure 8 shows the profile curves obtained on the edges of a tungsten plate. From the profile, the edges were steep slopes composed of three to four pixels and the slopes of the moving plate were more gradual than those of the static plate. There was no visible difference between the edges of plate covering and uncovering the detector. There was also no significant difference in the profile curves at rates of 10 mm/s and 20 mm/s. Figure 9a shows the MTF of a static tungsten plate and a plate moving at a rate of 10 mm/s. The results indicated that the present FPD system had good MTF properties which were equivalent to the results reported by the previous study. [13] [14] [15] The MTF of a moving plate was much lower than that of a static plate; however, there was no significant difference between the edges of the plate covering and uncovering the detector. Figure 9b shows the MTF measured on the covering edge of a static tungsten material plate and plates moving at rates of 10 mm/s and 20 mm/s. There were also no significant differences in MTF of a target moving at rates of 10 mm/s and 20 mm/s. The results obtained by measurement of edge profile curves were supported by the MTF measurements, as shown in Figs. 9.
RESULTS
Image lag properties
MTF properties and edge profile curves
Effects of image lag on target tracking
The target could be traced within a margin for error (± 5 mm) in external radiotherapy. Figure 10a shows the results of the automatic tracking of a moving tumor target with and without image lag at a rate of 10 mm/s. The maximum tracking errors of a target with and without image lag were 4.2 mm and 4.5 mm, respectively. Figure 10b shows the results in a target moving at a rate of 20 mm/s. The maximum errors in tracking target were 3.5 mm for both targets with and without image lag. In addition, those without background images were 0.25 mm, for both targets with and without image lag, at a rate of 10 mm/s and 20 mm/s. Figures  11 show the results in a simulated metal sphere. The tracking error was less than the pixel size and very small, with and without image lag, at a rate of 10 mm/s and 20 mm/s, with and without background images, with and without background images.
DISCUSSION
There are a number of factors that reduce the accuracy of target tracking in external radiation therapy. In terms of image quality, image lag, noise, contrast, and resolution are thought to affect on the accuracy of tracking. In the present study, we investigated image lag properties of a dynamic FPD system in target tracking for external radiotherapy. The image lag for the first frame (n = 1) after X-ray cutoff was 2.0% and decreased to less than 0.1% in the fifth frame in our direct type dynamic FPD system. These results were consistent with those reported by other groups. [10] [11] [12] In the measurement of profile curves on the edges of static and moving tungsten material plates, the effect of image lag was seen as blurred edges of the plate. In the MTF measurement, the blurred edges of a moving target were indicated as reduction of MTF. In the present study, there were no visible or significant differences in the profile curves and MTF between movement rates of 10 mm/s and 20 mm/s, or between edges of a moving plate covering and uncovering the detector. The results suggested that there is no need to consider contour blurring due to image lag under normal breathing at the imaging rate of 15 fps. However, to address the threshold of movement rate that impacts target tracking, further studies involving various movement rates and imaging rates are needed.
The lag property, reduction of MTF and visible contour blurring of a moving target potential sources of errors in target tracking in external radiotherapy, i.e., out of track due to false detection of the target. In the simulation experiment, however, all motion targets created using such lag properties could be tracked within an error of ± 5 mm, which is less than overall spatial uncertainty in external radiotherapy. 19) In addition, there were no significant differences in maximum error between targets with and without image lag. The results indicated that image lag had only negligible effect on target tracking in external radiation therapy. This can be accountable for by the fact that there are only a few pixels of interframe movement of the target under normal conditions of quiet breathing during radiotherapy. The present results suggested that, factors other than image lag, such as image noise, contrast, and resolution, would have greater deleterious effects on tracking accuracy. While, there were differences in maximum error between target types. Thus, further studies are required to investigate the influences of target shape, size, and its density on the accuracy of target tracking.
There was a problem in the results of tracking a tumor in simulated images. Although the maximum errors were within the acceptable range, accuracy was not satisfactory. In addition, the maximum error was slightly larger in a target without than with lag. This was thought to be because motion of target was simulated based on trajectories of shadows around the inserted target. To give a constant movement rate to the target through all frames, such as 10 mm/s or 20 mm/s, there may be some differences in the movement between a simulated target and the other shadows, including the template. Such conditions often result in tracking errors. It is also supported by the results that the maximum errors in a tumor inserted chest images were more than those without background images. Simulation method should be improved for more accurate evaluations.
In conclusion, we investigated image lag propertis of a dynamic FPD system under conditions of target tracking in external radiotherapy. Image lag properties were assessed and a moving target with image lag was simulated using the results. The simulated target was tracked within an error of ± 5 mm. In addition, there was no significant difference between the target with and without image lag. The results indicated that there was no effect of image lag on target tracking in external radiation therapy. Further studies are required to investigate the effect of a variety of parameters, such as tube voltage, image noise, imaging rate, target shape, and thickness of the patient's body.
